Rheumatoid arthritis (RA) is an autoimmune disease that is characterized by destruction of joints causing disability. Though the aetiology of RA is unknown, epidemiological studies suggest that it results from the complex interactions between genes, environmental factors and the immune system[@ref1]. Longitudinal studies show that the autoimmune aspects may begin many years before the clinical manifestation of RA[@ref2]. The role of environmental factors such as commensal intestinal microbiota, microbial infections and their immunological consequences in genetically susceptible individuals are not yet properly understood.

Among the known genetic factors, certain major histocompatibility complex (MHC) genes provide the strongest association with the development of RA. Epidemiology studies in various populations have shown an increased presence of DRB1\*0401 and alleles that share the 3^rd^ hypervariable region with DRB1\*0401 gene, known as the 'shared epitope' hypothesis in RA patients[@ref3]. In contrast, DRB1\*0402 confers resistance to the development of arthritis. Recent genome wide association studies (GWAS) have confirmed \*0401 association with RA and also shown some non-MHC gene involvement in RA[@ref4]. However, genetic factors account for only 50 per cent of the risk factors for RA. Interaction between the genetic and environmental factors is required for the onset of disease. While many environmental factors have been suggested to contribute to the pathogenesis, smoking has been the one that is studied extensively. For many decades, numerous infectious agents that include Epstein Barr, rubella virus and parvovirus among others have been implicated in pathogenesis of RA. Support for an infectious aetiology for RA comes from *(i)* studies in animal models where arthritis can be induced with bacterial products, *(ii)* presence of certain oral and gut commensal bacterial antigens in the synovial fluids of patients, and *(iii)* anti-microbial activity of certain disease-modifying drugs[@ref2][@ref5][@ref6]. Recent studies have implicated commensals occurring in oral cavity such as *Porphyromonas gingivalis*, a Gram-negative anaerobe, in pathogenesis of periodontitis-associated RA[@ref7].

Commensals and immune system {#sec1-1}
============================

The human intestine is colonized by a large number of microorganisms (around 10^14^ bacteria) that exceeds the number of cells in the human body. The intestinal microbial colonization begins at birth and it continues to change depending on the environment during the various maturation phases of life that support a variety of physiological functions. Thus each individual harbours a unique intestinal microbiota which is influenced by various factors including food, geographical location, climate and personal hygiene. Turnbagh and coworkers[@ref8] suggested that a set of core microbiome is present in humans living in a certain habitat. Variability among individuals could arise due to the host lifestyle, diet, health, immune system and environment. However, the factors that influence the major deviation from the core microbiome are still unknown. Our gut is the primary port of entrance for various environmental antigens that can be in the form of food or infectious agents. The intestinal microflora forms an immunological barrier between the environment and the intestine and helps to maintain a healthy gastro-intestinal tract.

Nearly two decades ago, scientists put forth a concept called the 'hygiene hypothesis. According to this hypothesis, an improvement in personal hygiene as observed in the developed countries has led to an increase in the risk of allergic and autoimmune disease[@ref9]. Increase in incidences of various inflammatory and autoimmune diseases like inflammatory bowel disease (IBD), asthma, type 1 diabetes (T1D), and rheumatoid arthritis in the developed countries support this concept. An essential part of mucosal system for mounting protective immune responses is the fact that the mucosal immune system should be able to distinguish between 'dangerous' and 'nondangerous' agents[@ref10]. While the skin surface is protected by several layers of epithelial cells, the mucosal surface including that of the digestive, urogenital tract, respiratory, eye and ducts of exocrine glands is covered mostly with a single-layered epithelium[@ref11]. Mucosal surfaces, therefore, require more effective protection that can efficiently dispose the majority of external agents. The mucosal surfaces have a strongly developed and highly specialized immune system, the mucosa-associated lymphoid tissue (MALT) that harbours the majority of immunologically active cells in the body. The preferential induction of inhibition of the responses to non-dangerous antigens (mucosal tolerance) is a characteristic feature of mucosal immunity distinguishing it from systemic immunity[@ref11][@ref12][@ref13][@ref14].

Immunomodulation by commensal bacteria/probiotics {#sec1-2}
=================================================

The microbiota in the gut is the largest source of microbes that can exert beneficial as well as pathogenic effect on human health. The intestinal immune system is unique in its properties as the gut normally maintains a tolerant state in the face of all the antigens it encounters. Recent research has shown that gut microbiota is essential for maintaining homeostasis and development of the gut immune system. To eliminate pathogenic bacteria from the gut, the intestinal mucosa needs to generate a controlled response so that the beneficial commensals can be maintained[@ref15][@ref16][@ref17][@ref18][@ref19][@ref20][@ref21][@ref22]. The regulatory processes in the intestinal immune system lead to generation of an immune response while disposing microorganisms that are pathogenic but are still able to maintain a tolerance towards the commensals and food antigens.

The immunomodulatory effects of the commensal bacteria as well as the probiotics rely on contact between bacteria and the host\'s intestinal epithelial cells[@ref23][@ref24][@ref25]. Toll-like receptors (TLRs) and nucleotide-binding oligomerization domain (NOD) isoforms expressed in the epithelial cells trigger innate responses by recognizing conserved microbial structures[@ref22]. Because commensal bacteria differ in their ability to stimulate TLRs and other intracellular innate immunity receptors such as NOD like receptors, the pattern of released chemical mediators varies significantly determining pro-inflammatory and anti-inflammatory responses. Lipopolysaccharide (LPS) from Gram-negative bacteria binds TLR-4, while peptidoglycan (PGN) and other cell wall components from Gram-positive bacteria signal through TLR-2 pathway to generate immune response[@ref26][@ref27].

The immune responses generated by the effector T cells are regulated by immune-suppressive regulatory T-cell (Treg) subsets. Dendritic cells (DCs) play an important role in instructing naive CD4+ T-cells to differentiate into T-cells producing Th1, Th17 or Th2 cytokines after encounter with an antigen. However, due to the unique gastrointestinal environment, mucosal DCs have been shown to favour conversion of T-cells into regulatory T-cells (Tregs), a process that is dependent on the presence of commensal bacteria[@ref28][@ref29][@ref30]. Recent studies have shown that commensal bacteria such as *Lactobacillus* and *Bifidobacterium infantis* exert their anti-inflammatory effect through induction of CD4+CD25+FoxP3+ regulatory T-cells[@ref31][@ref32]. The commensal bacteria/probiotics can induce an anti-inflammatory action on the intestinal mucosal as well as on the peripheral immune system by suppressing T-cell proliferation[@ref33][@ref34][@ref35][@ref36]. The gut commensal *B. infantis* has been shown to inhibit nuclear factor- kappa B (NF-κB) activation in the gut resulting in the induction of an anti-inflammatory response by suppressing T-cell proliferation and production of interleukin (IL)-10 and Th2 cytokines systemically as well as in the gut[@ref37][@ref38][@ref39].

How commensals/probiotics suppress T-cell proliferation is not well understood and further studies are needed to more precisely determine their effects on the suppression of T-cell response in inflammatory diseases. Given the fact that DCs are instrumental in generation of the immune response, it has been hypothesized that commensals influence differentiation and function of DCs, thereby modulating the immune response[@ref40]. Thus treatment with commensals/probiotics may provide benefits by modulating DC function and thus are relevant for treating inflammatory diseases including autoimmune diseases such as RA. This suggests that the gut microbiome may dictate a pro- or anti-inflammatory environment that can have a significant impact on the adaptive immune response away from gut[@ref41].

There is accumulating evidence suggesting that the gut microbiota plays a major role in determining the phenotype of the host. This is supported by the studies showing that gut commensals are critical for a variety of physiological and metabolic processes in the host[@ref42]. Studies in gnotobiotic mice support this notion[@ref43]. Recent studies in mice have suggested that host genotype is a stronger determinant of gut microbiota than sex[@ref44]. We propose that gut microbiome, sex and genetic factors may be able to predict susceptibility to develop autoimmune disease like RA. Treatment with a potential anti-inflammatory commensal might help in stopping progression of the disease and reducing severity by changing gut permeability and immune environment.

Commensals in rheumatoid arthritis {#sec1-3}
==================================

Although the aetiology of RA is unknown, it is a polygenic disease that requires both, genetic and environmental factors for its onset. One of the most attractive explanations for this autoimmune phenomenon has centered on the exposure to various environmental factors such as infections that are capable of initiating disease in genetically predisposed individuals[@ref45][@ref46][@ref47]. Synovial fluid of patients with RA shows the presence of bacterial DNA and their products arising from naturally occurring commensals in the gut and other mucosal surfaces. One explanation for the presence of gut commensals in the joints of RA patients could be a leaky gut or loss of intestinal integrity that facilitates the migration of gut commensals or their products to the peripheral organs. The bacterial products released in the joints may result in local and systemic immune stimulation.

Mucosal surfaces like skin and the gut are the most common portals of contact with microorganisms and other environmental factors. The hygiene hypothesis has been suggested as one reason for the increasing incidence of autoimmunity. This hypothesis is supported by the findings that interaction between the intestinal microbes and the innate immune system may be a critical epigenetic factor modifying inflammatory and autoimmune diseases such as T1D and rheumatoid arthritis[@ref49]. Although progress has been made in understanding the composition and some of the functions of the mucosal immune system in the induction of protective immunity, the basic mechanisms and gut composition of various microbes involved in the development of immune responses remain largely unknown. It has long been thought that the gut microbiome contributes to the nutrition, maturation of the intestine, defense from pathogens, and helps maintain the integrity and the function of the gut[@ref50]. As such, it has rich potential of manipulation of not only the gut but also the systemic immune system. The environment that is developed within the intestine is the product of the interaction between the host and the gut microbial ecology, ultimately for the benefit of both the host and micro community. Alterations in gut microbiota and their function have been associated with many inflammatory diseases like inflammatory bowel disease, type 1 diabetes, and RA in humans.

Studies have shown that specific intestinal commensals or their specific molecular patterns may induce production of pro- or anti-inflammatory cytokines thereby modulating the integrity of the intestinal mucosal barrier[@ref51][@ref52]. Thus, alterations of a normal gut microbiome can affect mucosal immunity. These changes may have an extended effect on non-intestinal diseases like diabetes and RA[@ref53]. This premise is supported by a study where analysis of the faecal microbiome of patients with RA revealed significantly fewer *Bifidobacterium* and bacteria of the *Bacteroides-Porphyromonas-Prevotella* group, *B. fragilis* subgroup, and the *Eubacterium rectale--Clostridium coccoides* group than the faecal microbiota of patients with non-inflammatory fibromyalgia[@ref54]. Because these bacterial species are known to belong to common taxa in the human faecal microbiome[@ref55][@ref56][@ref57], their absence in RA patients might suggest an altered gut microbiome. However, data in humans on the role of gut microbiome are limited at present.

There are no studies in humans on the role of commensals in arthritis. The only probiotics tried as treatment for RA are the lactobacilli. Their therapeutic application did not significantly improve the American College of Rheumatology (ACR) Scores in one study, but showed benefit in another[@ref58][@ref59]. Interaction between host genetic factors like MHC and gut microbiota and its impact on the development of RA is difficult to study in humans due to many confounding factors: *(i)* high variability in genetic factors, *(ii)* diets that can influence gut microbiome, and *(iii)* it is difficult to determine if the changes are causal association or the effect of diseases, as disease may have started by the time patients are seen in the clinics. Animal models provide means to study the molecular basis of pathogenesis[@ref60] as well as the basis for developing therapeutic strategies.

HLA transgenic mice as model for rheumatoid arthritis {#sec1-4}
=====================================================

Associations between various factors and disease in humans are based on epidemiological studies making it difficult to define the mechanism of association. Animal models help delineate the effects of a specific gene as experiments can be conducted in controlled conditions. Collagen-induced arthritis (CIA) is an animal model that shares many characteristics of inflammatory arthritis in humans and has been used as a model for RA. Immunization of certain strains of mice with type II collagen (CII) leads to the development of CIA. It is a CD4+ T and B cell dependent autoreactive response to CII. Similar to RA, susceptibility to develop CIA is determined by polymorphism in the MHC class II loci, H2A[@ref61].

The H2A locus of mouse is homologous to human leukocyte antigen (HLA)-DQ loci while H2E is homologous to HLA-DR loci in humans. The model generated with mice has advanced our understanding of pathogenesis of RA but has limitations such as *(i)* response is restricted by mouse class II molecules making it irrelevant to human RA, *(ii)* disease incidence is similar for sexes, *(iii)* arthritic mice did not produce rheumatoid factor, and *(iv)* activated mouse T cells do not express class II alleles thus do not participate in immune response locally in the joint[@ref62].

Mice expressing human HLA genes but lacking all four classical murine chains, Aα, Aβ, Eα, Eβ chains has greatly enhanced our capability to overcome the limitations of the mouse model[@ref63]. Using transgenic mice expressing RA-associated DRB1\*0401 and RA-resistant \*0402 genes (\*0401.AE-/- and \*0402.AE-/-, respectively), we have developed a CIA model that mimics human disease[@ref64][@ref65]. Our studies with \*0401 mice showed that they developed CIA with sex-bias (female to male ratio 3:1), produce rheumatoid factor (RF) and anti-citrullinated peptide antibodies (ACPAs) and phenotype. On the other hand, \*0402 mice were resistant to CIA ([Fig. 1](#F1){ref-type="fig"}). Observations in \*0402 mice suggest that the protection from arthritis could be due to *(i)* negative selection of autoreactive cells in the thymus, *(ii)* higher number of regulatory cells, *(iii)* increased AICD, and *(iv)* low T cell proliferation and production of Th1 cytokines and tumour necrosis factor-α (TNF)-α. Transgenic mice express class II molecules on activated T cells, as do humans but unlike wild mice. Because human class II molecules shape the T-cell repertoire in these humanized mice, they show the same HLA restrictions in an immune response as humans[@ref65][@ref66]. Our data with mice expressing the RA-susceptible and resistant haplotype, \*0401/DQ8 and \*0402/DQ8, respectively, suggest that DRB1 polymorphism modulates DQ8-mediated CIA. Our data are in confirmation with genome wide association[@ref67] suggesting HLA genes as major risk factors for predisposition to RA. Thus HLA transgenic mice provide a good model to study the role of triggering environmental factors and their interaction with genetic risk factors that may influence pathogenesis in RA.

![Incidence of collagen-induced arthritis in HLA transgenic mice. Transgenic mice expressing HLA-DRB1 \*0401 and DRB1\*0402 genes on endogenous class II knockout (AE-/-) background (\*0401.AE-/- and \*0402.AE-/-, respectively) were immunized with type II collagen and followed for onset and severity of arthritis. Incidence of arthritis in female DRB1\*0401 mice was three times compared to males. DRB1\*0402 mice are generally resistant to develop arthritis. *P*\<0.05 DRB1\*0401 male versus female, *P*\<0.01 \*0401 versus \*0402 mice. *Source*: Ref. 64.](IJMR-138-732-g001){#F1}

Gut and arthritis in mice {#sec1-5}
=========================

Host genotype affects the gut microbial composition in humans and mice[@ref68][@ref69]. There is accumulating evidence suggesting a role of gut microbiota in pathogenesis as well as protection in murine models of various diseases. Based on the experiments in germ free facility, a dysbiosis in the gut flora has been suggested as the basis of disease phenotype[@ref53]. The abundance of certain bacterial groups has been reported in autoimmunity; segmented filamentous bacteria (SFB) related to *Clostridium*, have been linked to an increase in pro-inflammatory responses in arthritis and diabetes driven by an increase in Th-17 cells[@ref70][@ref71][@ref72]. Similarly, *Lactobacillus* can induce arthritis in IL-1ra-/- mice. However, *L. casei* potentiates antigen-specific oral tolerance and suppresses Th1-type immune responses suppressing arthritis in a mouse model[@ref73][@ref74]. A normal intestinal microbiota that lives in symbiosis with its host can positively influence immune responses and may be able to protect against the development of inflammatory diseases in various inflammatory models[@ref20][@ref49][@ref75]. Conversely, studies with germ free and pathogen free mice have shown that disruptions in gut microbiota may induce production of pro-inflammatory cytokine and interlukin-17 producing Th-17 cells at increased levels, even in tissues away from the gut[@ref76]. It is under debate whether gut microbiota is controlled by immune system or vice versa[@ref52][@ref71][@ref77]. These studies have enhanced our understanding of the gut microbiome and its influence in host functions. The limitations of these studies are that the host genotype is endogenous MHC molecules and arthritis does not mimic human disease. Moreover, germ free mice constituted with a single commensal do not provide its role in a community.

Recent advances in technology have made it possible to study the gut microbiome composition and structure and its influence on diseases. However, it is difficult to study interactions between host genetic factors like HLA genes and gut microbiota, and their impact on the development of RA due to a high variability in genetic factors in humans. Also, it is difficult to establish a causal relationship between RA and the gut microbiota as a variable diet and geographical location can influence the gut microbiome composition. Thus, HLA transgenic mice can be used to understand the interaction of the gut microbiota and immune system and their role in causation of RA. Since HLA transgenic mice mimic human disease in sex-bias, they also provide a tool to understand the basic differences in the gut immune system of male and female mice. We have used the arthritis-susceptible \*0401 and arthritis-resistant \*0402 mice to understand the influence of the host genotype on the gut microbiome. The advantage of using this model is that *(i)* the mice are kept in identical conditions, *(ii)* the diet is controlled, and *(iii)* the only difference in the genotype of mice is the HLA transgene that differs by three amino acids and thus this model can provide information about how genotype can influence gut microbiota and also define a profile that can be used for diagnostic purpose.

Can gut microbiome be used to predict susceptibility to arthritis? {#sec1-6}
==================================================================

The need to high-throughput DNA sequencing of the intestinal microbiota has been highlighted in recent studies that could identify patients at high risk[@ref41][@ref78]. We addressed the question if gut microbiota can be used to predict susceptibility to arthritis by deep rDNA pyrosequencing of the hypervariable V3-V5 region of the16S ribosomal RNA (rRNA) gene of the bacterial community combined with phylogenetic analysis of faecal samples from the naïve \*0401 and \*0402 mice[@ref79]. The gut flora of transgenic mice showed that the gut microbial composition of transgenic mice shares similarities with human mucosal microbiome in presence of different genera ([Fig. 2](#F2){ref-type="fig"}). Non-metric multidimensional scaling (NMMDS) and analysis of similarities (ANOSIM) based on Bray-Curtis similarity indexes were used to assess how the microbial communities differed among subjects. We tested if susceptibility to develop arthritis may be related to the presence or absence of specific bacteria by characterizing abundance of specific operational taxonomic units (OTUs). Taxonomic classification of each OTU (clustered at 97% sequence similarity) was obtained by Blast alignment to the NCBI reference sequence database[@ref80]. The OTUs were mostly classified in the phyla Bacteroidetes (46% of all reads), followed by Firmicutes (36%), Actinobacteria (14%) and Verrucomicrobia (4%)[@ref41].

![Gut microbiome of arthritis-susceptible and --resistant mice is different. **(A)** Genera distribution of the main Operational Taxonomic Units (OTUs) driving the differences in \*0402 and \*0401 mice. Allobaculum occurred with abundance in \*0401 mice while *Barnesiella* sp. was most abundant in \*0402 mice, **(B)** Phyla distribution of the total OTUs detected in \*0402 and \*0401 mice according to the SIMPER analysis. Bacteroidetes: Firmicutes ratios are more even in \*0401 mice compared to \*0402 mice. The genera distributions of the OTUs driving the differences follow a similar pattern to the phyla distributions in all the detected OTUs, and **(C)** Bipartite interaction matrix plot showing the relationships between the main OTUs detected in each of the mice strains. The position, width and direction of the upper multicolor blocks and wedges show how abundant each OTU is in each strain. *Source*: Ref. 79.](IJMR-138-732-g002){#F2}

A comparison of the microbial community in faecal samples showed minor differences between the two strains[@ref79]. However, abundance and richness of various taxa showed a different composition of gut microbial community for the susceptible and resistant strains, suggesting a dysbiosis in arthritis-susceptible mice. A percentage-species contribution analysis (SIMPER) and taxonomic search suggested that Bacteroidetes and Firmicutes were present evenly in \*0401 mice while \*0402 mice harboured Bacteriodetes and Firmicutes at a ratio of 2:1 suggesting a role of Bacteriodetes in the maintenance of a homeostatic GI tract. The \*0401 mice showed an abundance of *Allobaculum* sp. (87% identity with an unclassified member of the Clostridials) while \*0402 mice showed significant abundance of *Bifidobacterium* sp. ([Fig. 2](#F2){ref-type="fig"}). As these mice were naïve and healthy, it suggested that the host genotype might have a strong influence on the gut microbiome. How HLA genes influence selection of commensals is not clear. We have shown that T cell repertoire selection by \*0401 and \*0402 differs in transgenic mice[@ref81]. One can speculate that positively selected T cells may have a role in selection of gut bacterial communities. This would imply a genetic predisposition to develop RA may result from an interaction between the genes and certain commensals in certain conditions where an abnormal immune response is generated. Alternatively, a disruption of gut microbial community may trigger an inflammatory response in the gut that is carried out to tissues distant from it; suggesting that gut bacteria can control adaptive immune response and influence autoimmunity.

Our observations may imply that in the microbial ecology of the gut, the most abundant OTUs are the ones driving the most important processes in the community including immune regulation. These data suggest that \*0401 may regulate the initial gut microbiome. However, over time with exposure to various environmental factors and infections, there may be perturbations in the microbiome that influences the strong regulatory environment maintained by a stable host microbiome, thus changing gut permeability. This may lead to transport of luminal contents to the periphery, generating an immune response and a break in tolerance in genetically predisposed mice[@ref82].

Arthritis-resistant mice show dynamic age and sex dependent gut microbiome changes {#sec1-7}
==================================================================================

A dynamic change in gut microbiota composition and functionality occurs as we age. As early as in 1990, it was shown that *Bifidobacterium* declined with age while *Clostridium* species increased, suggesting that a change in gut flora may be associated with healthy ageing[@ref83]. However, it is unknown if ageing gut flora maintains a symbiotic relation with the host. Probiotics to modulate gut flora may be one way of healthy ageing, however, other factors that may be involved in impacting ageing gut flora need to be defined. It is possible that gut flora during ageing in combination with genetic factors may have a role in predisposition to age related and inflammatory diseases. If this is the case, the gut microbiome profile along with genetic factors may provide a biomarker profile for diagnostic purposes. Also, using animal models, it may be possible to generate a profile that can predict susceptibility to various diseases.

In humans it is difficult to differentiate if certain gut flora may have changed due to ageing process or due to disease onset. Mean age of onset for arthritis is around 50 years. Difference in gut flora of RA patients compared to controls observed in a study could be due to the ageing process as well as disease. In healthy individuals, a deficiency of Bifidobacteria in the gut during ageing may contribute to the pathogenic immune response in RA. We took advantage of transgenic mice to determine if there is a correlation between ageing and any changes in the gut microbial community that may be associated with disease susceptibility. Our observations suggested that the gut flora of arthritis-resistant mice showed a dynamic change as they aged while in comparison arthritis-susceptible mice harboured a gut microbiome that was characterized by an abundance and/or lack of specific commensals that did not show significant difference at any age[@ref79].

According to ANOSIM test there were significant differences in the bacterial community structures between male and female \*0402 mice that were driven by specific bacteria. The OTUs distributions at the genus and phylum levels confirmed that the higher abundance of Actinobacteria (including *Bifidobacterium*) and Bacteroidetes, and lower levels of Firmicutes (including *Allobaculum*) in \*0402 females drive the observed differences between sexes in \*0402 mice. In contrast, the ANOSIM test for \*0401 mice did not show differences in faecal microbiota sex-based suggesting arthritis-susceptible mice had lost the microbial dynamism required for immune regulation in mice. However, \*0401 males showed a significantly higher abundance of *B. pseudolongum* compared to females[@ref79] ([Fig. 3](#F3){ref-type="fig"}). These data suggest that a loss of the gut microbial dynamism in females may, in combination with the genetic factors, contribute to disease susceptibility. These studies also point out that sex hormones may have a significant role in modulation of the gut microbiome. In humans, men with RA do have higher levels of estrogen[@ref84], suggesting that host gut-hormonal axis may modulate immune response in favour of susceptibility in genetically susceptible individuals.

![Relative abundance of OTUs in the faecal microbiomes of male and female \*0401 and \*0402 mice. **(A)** \*0402 females show significantly higher relative abundances of *Bifidobacterium*-*Parabacteroides* OTUs while males harbour high levels of *Barnesiella viscericola*. **(B)** Bipartite interaction matrix plot showing the relationships between the main OTUs detected in male and female \*0402 mice. **(C)** Male \*0401 mice gut microbiome has higher frequency of Bifidobacteria compared to females. **(D)** Bipartite interaction matrix plot showing the relationships between the main OTUs detected and sex. The position, width and direction of the upper multicolor blocks and wedges show how abundant each OTU is in males or females. *Source*: Ref. 79.](IJMR-138-732-g003){#F3}

Gut microbiome is related to mucosal immune function {#sec1-8}
====================================================

Absence of intestinal microbiota in animals has been associated with significant impairment in cellular and humoral immune responses, suggesting a pivotal role of the gut microbiota in the development of effector immune responses[@ref85]. While in humans such clear associations are not feasible, an association between the gut microbes and immune response is supported by change in systemic immune response, specially improvement in phagocytic activity following probiotics supplementation[@ref83]. This suggests that a normal gut microbial community is necessary for intestinal health, whereby an altered or abnormal gut flora, a dysbiosis may contribute to the alterations in mucosal immune system generating a pathogenic response.

We investigated if dysbiosis in arthritis-susceptible transgenic mice was associated with an altered immune system in the gut when compared to the arthritis-resistant mice. Jejuna of naïve mice were tested for cytokine transcripts involved in the Th17 network by real time PCR. Our data showed a differential expression of Th17 cytokines in guts of both strains[@ref79]. The \*0401 mice showed an increase in transcripts of proinflammatory cytokines like IL-17, IL-2, IFN-γ and CXCL5 while negative regulators like IL-21, CCL22 were observed with significantly lower levels. CCL22 has been shown to recruit T regulatory cells and IL-21 has immunomodulatory activities for T as well as B cell function. Comparison of male and female \*0401 mice showed that females had much higher levels of proinflammatory cytokines like IL-17 and IL-23. However, chemokines CCl20 and CCl22, known to regulate immune response, were much lower in females compared to males[@ref79].

Several studies have suggested that certain bacteria like segmented filamentous bacteria (SFB) produce Th17 cytokines and lead to the development of arthritis[@ref72][@ref86]. We performed correlation analysis to determine if specific gut bacteria were associated with certain cytokines in transgenic mice. Our observations[@ref79] suggested that the presence of *Allobaculum* species in \*0401 mice was negatively correlated with IL-21, a cytokine known to regulate CD4 T cell differentiation to Th17, and determine B cell survival and differentiation to plasma cells. The other species found in much lower levels in arthritis-susceptible mice, *Bifidobacterium*, also showed a negative correlation with IL-17. These data suggest a role of gut bacteria in determining the mucosal immune system that may migrate to the periphery via different means resulting in modulation of adaptive immune system. The gut microbiome provides a link between the innate and adaptive immune system that can be targeted for therapy.

Conclusions {#sec1-9}
===========

Most inflammatory and autoimmune diseases are multifactorial in nature, requiring genetic and environmental factors ([Fig. 4](#F4){ref-type="fig"}). While the genetic factors have unequivocally shown HLA genes as the strongest, the role of environmental factors has been difficult to delineate in humans. Transgenic mice carrying HLA genes provide a means to understand the role of environmental factors and their interaction with genes. We have shown that transgenic mice carrying HLA-DRB1\*0401 and \*0402 genes develop arthritis that mimics human disease. Our data in naïve mice suggest that the difference of only three amino acids in \*0401 and \*0402 mice could lead to dysbiosis in the arthritis-susceptible mice with a significant difference in the gut microbiota and resulting immune system. The gut microbiota is crucial to the development of postnatal immune system. Mucosal modulation of arthritis may be an effective target for therapy. If dysbiosis in an individual can be corrected via manipulation of gut commensals, it may lead to benefits without side effects. Our studies are a step towards individualized medicine; however, more detailed studies are needed to determine the mechanism and action of specific commensals on mucosal and systemic immunity.

![Multifactorial nature of autoimmune disease like rheumatoid arthritis. Among genetic factors, human leukocyte antigen (HLA) class II genes provide the strongest risk to develop autoimmunity. Interaction between HLA and environmental factors is required for the onset of disease. The environmental factors may include cigarette smoking, infectious agents and microbial flora of the gut. The core gut microbiome is associated with genotype though it is modulated by diet and other environmental factors. The gut flora can influence immune system locally and systemically. Thus a dysbiosis in the gut microbiome in a genetically susceptible individual can lead to a proinflammatory response systemically generating a pathogenic response resulting in the onset of disease. Genetic factors other than HLA class II molecules are also known to be associated with RA.](IJMR-138-732-g004){#F4}
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